This study was designed to examine the ventilatory performance and the lung histopathology of cystic fibrosis knockout mice (Cftr Ϫ/Ϫ ) compared with heterozygous (Cftr ϩ/Ϫ ) or wildtype (Cftr ϩ/ϩ ) littermates. Ventilation was recorded in conscious animals using whole-body plethysmography. Tidal volume (V T ), respiratory frequency (f), and minute ventilation (V E ) were measured during air breathing and in response to various levels of hypercapnia (2, 4, 6, or 8% CO 2 ) or hypoxia (14, 12, 10 , or 8% O 2 ). The results for Cftr ϩ/Ϫ and Cftr ϩ/ϩ were pooled into one control group because they did not differ. In air and in response to hypercapnia, V E , V T , and f were similar in Cftr Ϫ/Ϫ mice and in controls. During graded hypoxia, V E was decreased in Cftr Ϫ/Ϫ mice at 10 and 8% O 2 because of a lower f. Histology showed neither inflammation nor obstruction of airways in Cftr Ϫ/Ϫ mice. Morphometric analysis showed alveolar dilation as a result of either distension or impaired development. In conclusion, cystic fibrosis knockout mice have normal baseline breathing and ventilatory response to hypercapnia but a decreased ventilatory response to severe hypoxia. This latter result associated with the morphometric analysis suggests that Cftr Ϫ/Ϫ mice may exhibit immaturity of the respiratory system. Lung disease is the leading cause of mortality in patients with cystic fibrosis (CF). The major alterations in lung function result from increased airway resistance as a result of the obstruction of small airways. This is mainly characterized by diminished flow rates, ventilation-perfusion inequalities, and abnormal blood gas values (1) . In addition, children with CF show impaired ventilatory control with a decrease in the ventilatory response to hypercapnia (2-4) and hypoxia (2) . These blunted ventilatory responses were attributed to decreased performance of the respiratory apparatus under the abnormal respiratory load caused by chronic airway disease (2, 3) .
CF is caused by mutations in the CF transmembrane conductance regulator gene (Cftr), which was cloned and characterized in 1989 (5) . Several strains of mice defective in Cftr function have been developed in the past 10 y, and these animal models for CF are now widely used for research into gene therapy (6) . In contrast to CF patients, Cftr Ϫ/Ϫ mice do not develop life-threatening lung disease, but they often die from severe intestinal disease shortly after weaning (6) . However, their respiratory tract exhibits some pathologic changes, such as dilation of the glandular ducts in the upper airways, a modest increase in the number of goblet cells in the distal airways (7) , and reduced elastic recoil of the lungs (8) . Despite this minor lung pathology, the incidence of this airway phenotype on respiratory function of Cftr Ϫ/Ϫ mice is still unknown. This study was designed to advance the evaluation of Cftr Ϫ/Ϫ mice as a model for the human cystic fibrosis by exploring the ventilatory performances of Cftr Ϫ/Ϫ mice in response to hypercapnia or to hypoxia compared with wild-type mice. The . The study was carried out on 24 awake animals of 4 to 6 wk with a mean body weight (BW; Ϯ SEM) of 9.
, n ϭ 6), and 15.2 Ϯ 1.1 g (Cftr ϩ/ϩ , n ϭ 6). Measurements. Ventilatory parameters were recorded in a whole-body plethysmograph by the barometric method described by Bartlett and Tenney (9) . The pressure signal as a result of breathing was detected by a differential pressure transducer (Validyne MP45, Northridge, CA, U.S.A.) connected to the animal chamber (400 mL) and to a reference chamber of the same volume. The spirogram was recorded on a strip-chart recorder (Graphtec, Japan) and also stored on a computer using respiratory acquisition software (CIO-DAS 1602/12 interface and ACQUIS1 software) for analysis offline. Calibration was performed at the beginning of experiments by several injections of 0.1 mL of air into the chamber.
Each animal was weighed and placed in the chamber preheated to 28 -30°C; a thermistal probe (BIO-BIT14) was gently inserted into the colon and secured in place at the base of the tail and on the wall chamber. A protecting muff opened to both ends was then placed around the mouse, allowing it to feel secure and to become rapidly calmed. During all studies, the ventilatory parameters and colonic and chamber temperature were determined at 5-min intervals.
Protocols. Recordings of ventilation were performed when the mice were quiet, although not in deep or rapid eye movement sleep, which could be roughly estimated from their behavior, the response to noise, and the pattern of breathing. Measurements were made during air breathing four times during a 20-min period to obtain baseline values. Subsequently, the animal was exposed to four levels of hypercapnia in normoxia with the following sequence: 2, 4, 6, and 8%, each gas challenge being given for 10 min. After a 20-min interval in air, another baseline air value was obtained during a 20-min period, and then the animal was exposed to four levels of ambient hypoxia with the following sequence: 14, 12, 10, and 8%, each gas challenge being given for 10 min. Finally, the animal was allowed to recover in normoxia for 10 min. The CO 2 concentration in the chamber was always Ͻ1% at the end of each session. This protocol was carried out three times on consecutive days for each mouse. However, three of 12 Cftr Ϫ/Ϫ mice died before the end of the hypoxic protocol, and only one or two complete experiments were performed. Even though the protocol was similarly applied to the 12 control group mice without any problem, it is possible that Cftr Ϫ/Ϫ mice were more fragile.
Histology. Morphologic analysis of the lungs was performed in 18 mice (nine Cftr Ϫ/Ϫ , four Cftr ϩ/Ϫ , and five Cftr ϩ/ϩ ). At the end of the third ventilatory experiment, the mice were anesthetized with Urethan (1.8 g/kg, i.p.). After exsanguination, the chest was opened, the trachea was exposed, and the lung was perfused in situ with 10% (vol/vol) neutral-buffered formalin under 5 cm H 2 0 pressure as recommended by Kent et al. (personal communication) . Thereafter, the trachea was ligated and the lungs were excised and submerged in fixative for 5 d before embedding in paraffin.
Four-micrometer serial sections of the two lungs were cut and stained with hematoxylin and eosin or Masson's trichrome. Sections that yielded maximum visualization of the lung parenchyma were selected for morphometric studies using digitized image analysis (10) . Digitized images from parenchymal fields were captured using a Laborlux D Leitz microscope (Leica SA, Rueil Malmaison, France) with a monocad Sony videocamera interfaced with a computer equipped with the histo software from Biocom (Biocom Imaging Division, Les Ulis, France). Sampled digital images were filtered, binarized, and segmented into two components, background and structures of interest, i.e. interalveolar septa.
For each animal, the total length of the tissue/air interface, i.e. corresponding to the alveolar boundary length, was measured in four different 5 ϫ 10 5 -m 2 parenchymal fields chosen devoid of large conductive airways, arteries, or veins. These measurements, therefore, evaluated the alveolar boundary length density expressed in m/10 4 m (2) unit of parenchymal surface (11) . Morphometric assessments were performed blind.
Analysis of results and statistics. The following variables were measured and calculated by a computer-assisted method: tidal volume (V T ), respiratory frequency (f), and minute ventilation (V E ). For each 5-min recording, values were averaged on 50 -100 contiguous breaths and then averaged for the three experiments performed on each mouse. No major difference was observed between the values of the three measurements for each experimental condition. Because of a large difference in the BW between Cftr Ϫ/Ϫ and Cftr ϩ/ϩ or Cftr ϩ/Ϫ mice, V T and V E were normalized to BW by using allometric equations determined from mean values of the three groups using leastsquare linear regression after log transformation of the data. Ventilatory values are presented as mean Ϯ SEM of all animals for each genotypic group. mice show a similar BW. The weight-age relationships for the three groups are given in Figure 1 . They show that both groups of Cftr ϩ/ϩ and Cftr ϩ/Ϫ mice gained weight with age, whereas no significant correlation exists between these two factors in Cftr Ϫ/Ϫ mice. Respiratory variables in normoxia. Table 1 shows that during room air breathing, V E (ml/min) in heterozygous mice was not different from that of Cftr ϩ/ϩ mice, whereas V E in Cftr Ϫ/Ϫ mice was much smaller compared with either Cftr
or Cftr ϩ/ϩ groups. Although these absolute V E values have an intrinsic physiologic meaning, they often need to be normalized when animals have different sizes. The normalizing factor that is more commonly used for respiratory variables is the BW; however, when the BWs are within a large range, as in the present work, the relationships are not linear. Thus, the relationships between ventilatory variables and BW of the three groups of mice can be satisfactorily expressed by allometric equations (y ϭ a.BW b ), where b represents the slope of the relationship (14) . The allometric relationships of V E , V T , and f represented in Figure 2 shows that V E and V T are BW dependent with slopes of 0.73 and 0.62, respectively, whereas the slope of f is not significantly different from zero. It indicates, therefore, a relatively higher V E and V T in the smaller animals. In normoxia, V E related to BW and Cftr ϩ/Ϫ mice (Table 1) . Ventilatory responses to hypercapnia and hypoxia. An example of a typical pattern of ventilation during normoxia, 8% CO 2 and 8% O 2 in conscious wild-type (Cftr ϩ/ϩ ) mice, is shown in Figure 3 , and the average response in V E , V T , and f to graded levels of hypercapnia in the three groups of mice is presented in Figure 4 . Figure 4 shows that the response of V E to hypercapnia is similar in the three groups at all levels of inspired CO 2 , but slight differences are observed in the breathing pattern, i.e. V T is slightly higher in Cftr ϩ/Ϫ than in Cftr ϩ/ϩ at 2% CO 2 , and f is slightly lower in Cftr Ϫ/Ϫ than in the whole group of Cftr ϩ/ϩ and Cftr ϩ/Ϫ mice at 2 and 4% CO 2 . During the hypercapnic session, the rectal temperature decreased similarly in control and Cftr Ϫ/Ϫ mice (from 37.7 Ϯ 0.1°C to 37.3 Ϯ 0.1°C and from 37.3 Ϯ 0.2°C to 36.9 Ϯ 0.1°C, respectively). Figure 5 shows that exposure to varying levels of hypoxia induced an augmentation in V E in the three groups mainly as a result of an increase in f. Comparison of the values for Cftr ϩ/ϩ and Cftr ϩ/Ϫ mice for the three parameters shows that the response to hypoxia did not differ, but Cftr Ϫ/Ϫ mice values of V E at 10 and 8% O 2 are smaller than in the two other groups because of a lower f. During the hypoxic session, the rectal temperature decreased slightly less in control than in Cftr 
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Measurement of ventilatory responsiveness to chemoreceptor inputs in the three groups was assessed by calculating the percentage changes in V E , V T , and f during the highest levels of hypoxia and hypercapnia relative to room air (Fig. 6) . Figure  6 shows that the percentage change in V E in response to 8% CO 2 is similar in the three groups of mice, whereas the percentage change in V E in response to 8% O 2 is significantly lower in Cftr Ϫ/Ϫ than in Cftr ϩ/ϩ and Cftr ϩ/Ϫ mice, this effect being due to a lower increase in f. Also, the responses of heterozygous Cftr ϩ/Ϫ mice to 8% CO 2 or 8% O 2 in regard to V E , V T , and f are similar to that of wild-type mice. This figure also indicates that in all groups of mice, exposure to either hypercapnia or hypoxia induced a relatively larger increase in f than in V T .
Lung histology and morphometric analysis. Histopathology examination of the lungs of the different groups of mice, whatever their Cftr status, did not show any fibrosis, inflammation, or remodeling of intrapulmonary airways, as well as lung parenchyma. No structural change, as the presence of goblet cells or luminal obstruction, was observed at the level of intrapulmonary airways, associated with the Cftr Ϫ/Ϫ genotype, except for a mild distension of the alveolar air spaces (Fig. 7) .
Results of the morphometric analysis of the alveolar boundary length densities are shown in Figure 8 . Comparison of the results (mean values Ϯ SD) obtained for the nine mice of the Cftr Ϫ/Ϫ group (791 Ϯ 60 m/field) with those from the group composed of the five Cftr ϩ/ϩ and the four Cftr ϩ/Ϫ mice (914 Ϯ 63 m/field) showed a highly significant (p ϭ 0.009) lower alveolar boundary length density in the Cftr Ϫ/Ϫ mice.
DISCUSSION
In the present study, we mainly examined resting breathing in air and the respiratory responses to hypoxia and hypercapnia in knockout mice for CFTR function compared with wild-type or heterozygous mice. The results provide evidence that V E of Cftr Ϫ/Ϫ mice is not affected during normoxia and in response to various levels of hypercapnia, although the f is slightly lower than for controls at 2 and 4% CO 2 . In contrast, V E is markedly diminished in response to severe hypoxia in Cftr Ϫ/Ϫ mice because of a lower f. In addition, the histologic analysis of the lung shows no major morphologic changes, except dilated alveolar morphology in Cftr Ϫ/Ϫ mice. Considerations of methods. We measured the respiratory variables by body plethysmography that is a downsized modification of that used in awake rats (9) . The reliability of this noninvasive method to measure ventilation in awake animals can be questioned for the measurement of V T , which can be underestimated (15) , but this technique, which is routinely applied to mice (16) , has been validated against pneumotachography and direct plethysmography (17) with a systemic error on V T of Ͻ7%. In addition, the same equipment was used for the three genotypic groups; thus, the comparison between them cannot affect the interpretation of the results. Also, it was changes in respiratory timing, not V T , that accounted for the reduced hypoxic response in the Cftr Ϫ/Ϫ mice. Ventilation. In our wild-type mice, the V E normalized to BW values are similar to that reported for mice of the same age and BW (18) , but they are slightly greater than those reported for larger mice (16, 17, 19) . This result can be partly explained by the nonlinearity of the relationships between the ventilatory parameters and BW when the BW range is large. However, the comparison of the ventilatory data of the Cftr Ϫ/Ϫ mice with those of wild-type mice of similar BW would have suggested the use of much younger wild-type mice, thus with an immature CNS. We therefore chose to compare the results between mice of the same age and overcome the problem of the large BW difference by normalizing the ventilatory data with allometric relationships that have been previously validated for intraspecies comparisons (20) . ('; n ϭ 6), and Cftr Ϫ/Ϫ (E; n ϭ 12) mice in air and in four levels of hypercapnia (2, 4, 6 , and 8% of inspired CO 2 in air). ࡗSignificant differences between Cftr ϩ/ϩ and Cftr ϩ/Ϫ mice; *significant differences between the whole group of Cftr ϩ/ϩ and Cftr ϩ/Ϫ mice and the group of Cftr Ϫ/Ϫ mice; p Ͻ 0.05. The present study showed that in Cftr Ϫ/Ϫ mice, normoxic V E , allometrically normalized to BW, did not differ from that observed in either control group. It suggests that these Cftr knockout mice, although much smaller than their controls, are able to maintain normal ventilation in air and did not exhibit severe lung pathology as observed in children with chronic bacterial infection (1). It should be noted that Cftr Ϫ/Ϫ mice were housed in a pathogen-free environment up to weaning, but they also stayed thereafter in a standard animal facility for 1 wk without signs of pulmonary infection as demonstrated by the lung histology. It can also be argued that the young age of Cftr Ϫ/Ϫ mice might not allow them to develop severe respiratory affection. However, when the lifespan of Cftr Ϫ/Ϫ mice was markedly increased by feeding them with a liquid diet, no severe lung pathology was observed (21) .
During hypercapnia, Cftr Ϫ/Ϫ and control mice markedly increased V E ; this effect is achieved by raising both V T and f, as observed in juvenile and, thus, small mice (18) in contrast to that found in adult mice, which mainly respond to hypercapnia by an increase in V T (16, 17) .
It is interesting that the response to hypercapnia was unaffected by deletion of the Cftr gene. This finding cannot be compared with other experimental work as, to our knowledge, the regulation of breathing in transgenic animals for CF has not yet been studied, except in a preliminary report (22) , but this result differs from that reported in patients with chronic obstructive pulmonary disease (23) and in children with CF (2-4) , showing a diminished response to hypercapnia, this effect being related to the degree of obstruction (3).
However, our results showed that the ventilatory response to hypoxia of Cftr Ϫ/Ϫ mice is decreased compared with that of controls, in particular at high levels of hypoxia. Such findings have also been reported in children with CF (2, 23), although 
CONTROL OF BREATHING IN CFTR
Ϫ/Ϫ MICE the decreased V E is due to a failure in V T in children and to a failure in f in our mice. Lung histopathology. In most of the CF mouse models, virtually normal lung histology and absence of mucus plugs in the airways are consistent findings (24) . However, minor changes in the respiratory tract have been described in the models with the S489X Cftr mutation. Snouwaert et al. (7) reported tracheal squamous metaplasia and patches of goblet cells in proximal airways. In addition, Kent et al. (8) in congenic strains of this mutation consistently observed patchy lesions with acinar dilation and areas of interstitial thickening without abnormalities of conductive airways. In the present study performed on the same knockout Cftr Ϫ/Ϫ mice initially produced by Snouwaert el al. (7), we did not observe epithelial airway or parenchymal inflammation. These different results could be explained by genetic influences because the marked lung pathology observed by Kent et al. (8) could be related to the use of a nonheterogeneous, congenic background of these knockout mice.
The acinar and alveolar dilation reported by Kent et al. (8) has been observed with low-power examination using light microscopy. In the Cftr Ϫ/Ϫ mice of the present study, dilated alveolar morphology was first observed by routine optical examination but was further confirmed by quantitative morphometric analysis. Such an approach for evaluating the architecture of the lung in CF mouse models has not been used before, except in old mice with a different mutation (25) . This dilation of alveolar air spaces could be due to either airway obstruction or an impaired process in postnatal development (26) . Because we did not observe distal airway alterations such as mucus plugs or epithelial changes, it can be hypothesized that this pattern of decreased alveolar surface could stem from reduced alveolar formation.
Mechanisms. A study performed with patients with CF revealed an attenuation of both the hypoxic and hypercapnic ventilatory response (2) corresponding to the degree of airway obstruction (3). The knockout mice for Cftr function have a normal hypercapnic ventilatory response but a blunted hypoxic ventilatory response. These findings suggest that the alteration in the hypoxic ventilatory response is secondary to the primary abnormality of respiratory control rather than impairment in respiratory apparatus mechanics. We did not perform pulmonary function tests, but no luminal obstruction of intrapulmonary airways was observed in our knockout mice when using a similar procedure of intratracheal lung fixation to that used by Kent et al. (8) . Therefore, it seems that Cftr Ϫ/Ϫ mice had no major airway obstruction, which is consistent with only minor lung pathology that has been found in these mice by several authors (7, 8) .
Several factors may have played a role in the decreased ventilatory response to severe hypoxia in Cftr Ϫ/Ϫ mice. First, a slight chronic hypoxemia may have altered the process of maturation of carotid bodies and thus the hypoxic drive (27, 28) , as observed in children who live at high altitude (29) . However, these effects on peripheral chemoreceptors seem to occur only with long-term and severe hypoxemia, which was probably not the case in our mice as their baseline ventilation and ventilatory response to hypercapnia were similar to that of control animals.
The smaller size of the Cftr Ϫ/Ϫ mice compared with their littermates can partly explain these findings. In small animals that have a high respiratory system compliance with a high cost 
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of breathing, hyperpnea is mostly achieved by using a strategy that will cost less in energy. Therefore, during hypoxia, when the energy supply to the muscles is decreased, mice preferentially increase their f instead of increasing V T , which will induce a distortion of the thorax with high resistive work (30) . This ventilatory strategy has been recently observed in juvenile mice during hypoxia (18) and in our mice from the control group. However, in very small Cftr Ϫ/Ϫ mice exposed to severe hypoxia, the strategy of increasing ventilation to improve O 2 delivery may be relieved by metabolic adaptation.
Indeed, metabolism is known to be a determining factor in the ventilatory response to hypoxia. The hyperventilation needed to preserve homeostasis can be obtained with hyperpnea or hypometabolism or both, the degree of hypoxic hyperpnea being adjusted to the metabolic response (31) . Many adult animals respond preferentially with hyperpnea, but in small species and newborns, hypometabolism may overcome hyperpnea to allow survival by sparing precious O 2 in favor of the life-supporting organs (31, 32) . In our Cftr Ϫ/Ϫ mice that were much smaller than control littermates, their response to hypoxia may have been essentially a marked decrease in metabolism. Although we did not measure metabolism, the marked fall in rectal temperature at 8% O 2 observed in these mice may provide some insight into potential metabolic changes. Moreover, the normal ventilatory response to hypercapnia with a moderate change in rectal temperature is consistent with this assumption as hypercapnia is less dependent on changes in O 2 consumption (33) .
Finally, malnutrition may also be responsible for delayed maturation of the respiratory system, in particular at the level of peripheral chemoreceptors and alveolar formation. Indeed, immaturity of peripheral chemoreceptors affects mainly the ventilatory response to hypoxia (34) , and in fact that some of our Cftr Ϫ/Ϫ mice did not respond or died during severe hypoxia supports this hypothesis. In patients, such a hypothesis has not been documented, but malnutrition has been shown to affect control of breathing as clinical semistarvation induced a depression in the hypoxic ventilatory response, whereas the response to hypercapnia was unaffected (35) .
The deleterious effects of malnutrition on alveolar formation and lung growth have been reported in several animal and human studies. In children with CF, progressive lung dysfunction, possibly mediated by impaired lung growth, has been associated with malnutrition (36, 37) , and in rats, an immaturity in the lung architecture has been observed after underfeeding them (26, 38) . In many mammalian species, the formation of pulmonary alveoli occurs to a substantial extent after birth, and in mice, postnatal lung development is completed by 2 wk (39), but malnutrition may slow the rate of alveolarization and thus the gas-exchange region (26, 38, 40) . Such a hypothesis is supported by our morphometric observations clearly showing dilation of alveolar air spaces that likely originate from reduced postnatal development of lung alveoli.
In conclusion, the present work has shown that knockout mice for CFTR function, which are markedly underweight, have normal baseline breathing and ventilatory response to hypercapnia. In contrast, their ventilatory response to severe hypoxia is markedly diminished. The mechanisms involved in this phenomenon could be related to the small size of these mice, suggesting high cost of breathing and metabolic requirements, which can be a limiting factor at high levels of hypoxia. Moreover, malnutrition may have induced delayed maturation of the respiratory system and of alveolar formation. This latter finding is consistent with the dilated lung morphology that we have observed in Cftr Ϫ/Ϫ mice.
